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Introduction
Multidrug resistance (MDR) becomes a major cause of chemotherapy failure in cancers [1] . The mechanisms underlying the MDR of cancer cells are complex [2, 3] , including increase of drug efflux, reduction of drug absorption, changes in the targets of anticancer drugs, decrease of drug activity, enhancement of DNA repair following damage, changes in anti-apoptosis pathways, etc.
hTERT is a ribonucleoprotein and its activity is relatively high in the germ cells, embryonic stem cells and cancer cells. hTERT mainly functions to maintain the length of telomeres [4] . Over-expression of hTERT is implicated in the initiation and progression of cancers. Furthermore, hTERT is also involved in the occurrence of MDR of cancer cells by antagonizing apoptosis. hTERT over-expression may convey the signal of resistance to chemotherapeutic drugs [5] .
High hTERT activity and telomere elongation help to
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International Publisher maintain or increase the drug resistance of cancer cells. Cancer cells with long telomere and high proliferation ability are more resistant to anti-cancer drugs and have better viability [6] . In addition to maintaining the length of telomere, hTERT has other physiological functions, such as promotion of DNA repair, antagonism of cell apoptosis, and alteration of chromatin structure and gene expressions. Studies have shown that hTERT can cause changes in the growth-promoting genes (EGFR and FGF), cell cycle regulation related genes (cyclins D1 and G2), as well as genes associated with metabolism and cell signaling. In cancer cells, knockout of hTERT gene may lead to changes in the expressions of genes related to the metastasis, differentiation and angiogenesis of cancers [7, 8] .
Studies show that oxidative stress can lead to the translocation of hTERT from the nuclei to the mitochondria, where it protects the mitochondria leading to the resistance to apoptosis and performs the telomere-independent functions [9] [10] [11] . However, whether hTERT over-expression in the mitochondria of cancer cells is related to the generation of drug resistance remains elusive. In the present study, three MDR cell lines with different resistance indices (RIs) were prepared from hepatocellular carcinoma cells (HCC; SK-Hep1 cells) and the role of mitochondrial translocation of hTERT in the MDR of HCC was investigated.
Materials and methods

Materials
SK-Hep1 cells were provided by the Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences. DMEM high glucose (Gibco BRL), fetal bovine serum (FBS, HyClone), cell counting kit-8 (CCK-8; Dojindo Laboratories), cisplatin (CDDP), doxorubicin (DOX) (Sigma) 5-fluorouracil (5-FU; Shanghai Xudong Haipu Pharmaceutical Co., Ltd), vincristine (VCR; Guangdong Lingnan Pharmaceutical Co., Ltd), flow cytometry apoptosis detection kit (Annexin VFITC/PI; Nanjing KeyGEN Biotech), DNA extraction kit (Tiangen Biotech [Beijing] Co., Ltd), real-time PCR kit (TaKaRa Bio Inc), rabbit anti-hTERT monoclonal antibody (Rockland Immunochemicals Inc), FITC-labeled secondary antibody and horseradish peroxidase-labeled secondary antibody (Zhongshan Goldenbridge Biotechnologies Co., Ltd) were used in the present study.
Culture and induction of SK-Hep1/CDDP cells
SK-Hep1 cells were maintained in DMEM high glucose containing 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin in an atmosphere with 5% CO2 at 37 ℃. Cells were passaged by 0.25% trypsinization. The induction was done by pulse treatment with high dose CDDP as described previously [12] . Briefly, SK-Hep1 cells in logarithmic growth phase were pulse-treated with 5 μg/mL CDDP. The medium was removed 24 h later, and the cells were maintained in fresh medium after three washes with PBS. Suspended cells were removed one-two days later. Pulse treatment with 5 μg/mL CDDP was performed again for another five times. After every two treatments, a fraction of cells were collected and cryopreserved after another three passages in normal medium. Survived cells underwent through the next induction. The whole process lasted for 6 months, and 3 cell lines with different RIs to CDDP were obtained and designated as SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells, and SK-Hep1/CDDP3 cells, respectively, which were then maintained in complete medium containing 0.01 μg/mL CDDP. The medium was refreshed with medium without addition of CDDP at 3 weeks before the following experiments.
Cell growth curve and determination of doubling time
SK-Hep1
cells, SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells in logarithmic growth phase were re-suspended, seeded into 24-well plates at a density of 5×10 3 cells/well followed by incubation in an environment with 5% CO2 at 37 ℃. Trypan blue staining was performed once daily since the 1 st day of culture, and the viable cells in 3 wells of each group were counted for five consecutive days. The doubling time (Td) of each cell line was calculated according to the Patterson formula as follow: Td=T×lg2/(lgN2-lgN1), where N1 is cell number on the 1 st day, and N2 is cell number at T h after culture; T (h) is the time from N1 to N2.
Detection of cell sensitivity to chemotherapeutic drugs by WST-8 assay WST-8 assay was employed to determine the cytotoxic effect of chemotherapeutic drugs at different concentrations on SK-Hep1 cells, SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells. Cells were seeded into 96-well plates at a density of 1×10 5 cells/mL (200 μL/well). After 24 h of culture, five 10-fold serial dilutions of CDDP, DOX, VCR, and 5-FU (the lowest concentrations were 0.05, 0.001, 0.001, and 0.025 μg/mL for CDDP, DOX, VCR and 5-FU, respectively) were added into the culture medium. Treatment was performed in quintuplicate. Cells in control group were treated with PBS of equal volume, and a blank control group was also included. Cells were maintained in an atmosphere with 5% CO2 at 37 ℃. After 24 h of culture, 20 μL of CCK-8 was added to each well followed by incubation for another 2 h. The absorbance (A) of each well was then measured on a microplate reader at 450 nm (reference wavelength: 650 nm). The relative growth-inhibitory rate was calculated as follow: relative inhibitory rate = (1-Aexperiment/Acontrol)×100%. The half maximal inhibitory concentration (IC50) was further determined, and the RI was calculated as follow: RI = IC50 of drug-resistant cells/IC50 of parental cells.
Detection of cell cycle
The cell cycle was detected by flow cytometry (FCM). Cells in logarithmic growth phase were maintained in serum-free medium to synchronize. After 24 h of culture, the medium was refreshed with medium containing 10% FBS. Cells were harvested when 90% confluence was achieved, centrifuged, re-suspended in 0.3 mL of PBS, and then transferred into a 1.5-mL Eppendorf tube. Cells were fixed in 0.7 mL of ice-cold ethanol, treated with RNase for 30 min at 37 ℃ and then stained with 100 mg/L PI(Propidium Iodide, PI) for 30 min in dark.
Detection of cell apoptosis by double staining with Annexin V and PI
Cell apoptosis was detected by double staining with FITC-Annexin V and PI and subsequent FCM. Cells were divided into 8 groups: 1) SK-Hep1 group: SK-Hep1 cells were not treated with CDDP treatment; 2) SK-Hep1+10 μg/mL CDDP group: SK-Hep1 cells were treated with 10 μg/mL CDDP for 24 h; 3) SK-Hep1/CDDP1 group: SK-Hep1/CDDP1 cells were not treated with CDDP; 4) SK-Hep1/CDDP1+10 μg/mL CDDP group: SK-Hep1/CDDP1 cells were treated with 10 μg/mL CDDP for 24 h; 5) SK-Hep1/CDDP2 group: SK-Hep1/CDDP2 cells were not treated with CDDP; 6) SK-Hep1/CDDP2+10 μg/mL CDDP group: SK-Hep1/CDDP2 cells treated with 10 μg/mL CDDP for 24 h; 7) SK-Hep1/CDDP3 group: SK-Hep1/CDDP3 cells were not treated with CDDP; 8) SK-Hep1/CDDP3+10 μg/mL CDDP group: SK-Hep1/CDDP3 cells were treated with 10 μg/mL CDDP for 24 h. The treatment was carried out as follows: cells were seeded into 6-well plates at a density of 1×10 5 cells/mL. Experiment was done in triplicates. Cells were harvested after 24 h of culture by centrifugation at 1500× g for 5 min. The supernatant was removed, and cells were re-suspended in 500 μL of PBS. AnnexinV (5 μL) and PI (5 μL) were added into cell suspension. Cells were then incubated for 15 min in dark and then analyzed by flow cytometry at 488 nm. Data from flow cytometry were analyzed using CellQuest software.
Analysis of hTERT in nuclei and mitochondria
Cells in logarithmic growth phase were seeded onto coverslips in 12-well plates at about 30% confluence and maintained in an atmosphere with 5% CO2 at 37 ℃ for 1~2 days until the cell confluence reached 50%. Cells were then washed thrice with PBS, incubated in 300-500 μL of MitoTracker Red solution in an atmosphere with 5% CO2 at 37 ℃ for 45 min, washed with PBS thrice, fixed in paraformaldehyde at room temperature for 15 min, washed in PBS thrice, permeabilized, washed thrice, blocked in goat anti-rabbit blocking buffer at room temperature for 30 min, washed in PBS thrice, incubated with rabbit anti-hTERT antibody (1:500) overnight at 4 ℃, washed with PBS thrice, incubated with FITC-labeled goat anti-rabbit secondary antibody (1:1000) at 37 ℃ for 1 h, washed in PBS thrice, incubated with DAPI at room temperature for 5 min and washed in PBS thrice. Each coverslip was carefully collected from the 12-well plates and mounted onto another clean coverslip with cells in the middle. The mounted coverslips with cells were stored at 4 ℃ in humidified chamber in dark and observed under the confocal laser scanning microscope (Leica Tcs SP2, Germany).
Extraction of proteins for cells and mitochondria
Cells were lysed in cell lysis buffer, and total protein in the supernatant was collected.
The mitochondrial proteins were extracted with a mitochondrial protein extraction kit according to the manufacturer's instructions. Briefly, SK-Hep1 and SK-Hep1/CDDP1, 2, and 3 cells were harvested separately. Protease inhibitors were added into reagents A and C before using and 2×10 7 cells in 2-mL Eppendorf tube were centrifuged at 850× g for 2 min. The supernatant was removed and 800 μL of reagent A was added followed by vortexing for 5 s. After 2 min of incubation on ice, cells were transferred into a homogenizer followed by homogenization on ice. The homogenate was transferred into a 2-mL Eppendorf tube followed by addition of 800 μL of reagent C. Then, 200 μL of reagent A was used to wash the homogenizer and then added into the same Eppendorf tube followed by mixing via inversion for several times. The homogenate was centrifuged at 700× g at 4 ℃ for 10 min and the supernatant transferred into a 2-mL Eppendorf tube followed by centrifugation at 12000× g at 4 ℃ for 15 min. The supernatant (cytoplasmic portion) was transferred into another Eppendorf tube. The pellets on the bottom were the mi-tochondria and then re-suspended in 500 μL of reagent C followed by centrifugation at 12000× g for 5 min. The supernatant was removed, and the pellets were mixed in 50-100 μL of 20 g/L 3-[(3-cholamidopropyl)dimethylammonio]-1-propane sulfonate (CHAPS) by vortexing for 1 min followed by centrifugation at 12000× g for 2 min. The supernatant containing mitochondrial proteins was collected.
Detection of hTERT protein in cells and mitochondria by western blot assay
Protein concentrations of cell lysate and mitochondrial fraction were determined with BCA protein quantification kit. Then, 100 μg of denatured protein from each sample was loaded, separated on 6% polyacrylamide gel and transferred onto a PVDF membrane which was then blocked in 5% skim milk at room temperature for 1 h. The membrane was incubated with anti-hTERT primary antibody (1:500) in Tween 20-containing Tris-buffered saline solution (TBST) overnight at 4 ℃. The membrane was washed with TBST thrice, incubated with horseradish peroxidase-conjugated secondary antibody (1:12000) in TBST at 37 ℃ for 1 h, washed with TBST thrice and incubated with ECL substrate. The film was exposed and developed in 1 min, and the densitometry of each bands were determined and analyzed with Gel-Pro gel analysis software (Bio-Rad). The expression of target protein was normalized by β-actin as an internal reference and the protein expression was determined in 3 measurements followed by averaging.
Detection of mtDNA damage by real time PCR
It has been reported that damaged mtDNA is denatured after being heated at 94 ℃ for 2 min and can be amplified by PCR, whereas the undamaged mtDNA is still intact and can not be amplified [13] . However, after being heated at 94 ℃for 6 min, all intact and damaged mtDNAs are denatured and can be amplified. Therefore, the degree of the damage to mtDNAs can be determined by the amplification frequency.
Mitochondrial DNAs were extracted according to previously described by Santos et al. and Passos et al [14, 15] . Real time PCR was carried out according to manufacturer's instructions. Primers were as follows: forward 5'-GATTTGGGTACCACCCAAGTA-TTG-3' (16042-16064); reverse 5'-AATATTCA TGGTGGCTGGCATGTA-3' (16125-16102). The PCR conditions were as follows: 94 ℃ for 2 min; 94 ℃for 30 s, 60 ℃for 45 s, 72 ℃for 45 s, for total of 32 cycles to obtain the first Ct value (Ct1); 94 ℃for 6 min, 94 ℃for 30 s, 60 ℃for 45 s, 72℃for 45 s, for total of 32 cycles to obtain the second Ct value (Ct2). The ratio of Ct1 to Ct2 was used as the amplification frequency.
Real time PCR detection for the relative length of telomeres
The relative length of telomeres under either normal or chemotherapeutic stress condition was detected in SK-Hep1 cells, SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells according to previously described by Cawthon et al [16] . The ratio of Ct value of telomere gene to that of 36B4 gene (a reference single copy gene) of each sample was designated as T/S ratio, which was used to reflect the relative length of telomeres. The primers for telomere gene were as follows: forward 5'-GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGT GAGGGT-3' (270 nM); reverse 5'-TCCCGACTATCC CTATCCCTATCCCTATCCCTATCCCTA-3'
(900 nM). The primers for 36B4 gene were as follows: forward 5'-CAGCAAGTGGGAAGGTGTAATCC-3' (300 nM); reverse 5'-CCCATTCTATCATCAACGGGTAC AA-3' (500 nM). The PCR was carried out on Corbett Research Rotor-Gene 3000 Real time Thermal Cycler (Corbett Research, Cambridge, UK). The PCR conditions for telomere gene amplification was as follows: 35 cycles of 95 ℃ for 10 min; 95 ℃for 15 s, 54 ℃for 2 min. The PCR conditions for 36B4 gene were similar except for annealing and extension at 58 ℃ for 1 min. Since the T/S ratio can accurately reflect the relative length of telomere gene only if 36B4 can be equally amplified from each sample, the equal copy number of 36B4 in each sample was further confirmed by the ratio of copy numbers of 36B4 gene to that of β-globin gene. Primers for β-globin gene were as follows: forward 5'-GCTTCTGACACAACTGTGTTCACTAGC-3' (400 nM); reverse 5'-CACCAACTTCATCCAC GTTCACC-3' (400 nM). The specific amplification of each gene was confirmed by melt curve.
Detection of mitochondrial membrane potential
According the manufacturer's instructions, cells were maintained on coverslips in presence of 10 μg/mL CDDP at an atmosphere with 5% CO2 at 37 ℃ for 24 h, washed in PBS twice, incubated with diluted JC-1 solution for another 15-20 min and then washed with incubation solution for once or twice. Cells on the coverslip were observed under a confocal laser microscope. In normal cells, JC-1 molecules form polymers in the mitochondria, emitting bright red fluorescence. In the presence of damaged mitochondrial membrane potential, JC-1 was released from the mitochondria into the cytoplasm as monomers emitting green fluorescence.
Statistical analysis
Statistical analysis was performed by using SPSS version 13.0 with analysis of variance (ANOVA). A value of P<0.05 was considered statistically significant.
Results
Induction of SK-Hep1/CDDP cell lines with different RIs
To induce CDDP resistance, SK-Hep1 cells were pulse-treated in vitro with high dose CDDP, which resulted in cell enlargement, cytoplasmic vacuolar degeneration, faintness of the cell membrane, or even cell death. Only a few cells survived from the treatment and gradually resumed the logarithmic growth after the withdrawal of drugs. SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells, three cell lines with different RIs, are obtained within the six-month induction. Although the drug-resistant cells were spindle-shaped with increased black granules in the cell processes and cytoplasm, their morphology was basically close to that of parental cells. As shown by cell growth curve in Fig 1, 
Drug resistance of SK-Hep1/CDDP cells
Apoptosis of drug-resistant cells
Natural and chemotherapy-induced apoptosis rates of parental and drug-resistant cells were detected by flow cytometry. Results showed that both natural and chemotherapy-induced apoptosis rates of SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells were significantly lower than those of parental cells (P<0.01). (Fig 2, Table2) 
Detection of cell cycle by flow cytometry
Cell cycles of parental and drug-resistant cells were detected by flow cytometry, and results showed that the S phase (DNA synthesis phase) in three drug-resistant cell lines was extended when compared with that in parental cells, but G1 phase (pre-DNA synthesis phase) was shortened in three drug-resistant cell lines, indicating that, with the increase in RI, cell cycle was gradually extended (P<0.01). (Table 3 )
Translocation of hTERT into mitochondria in drug-resistant cells
In drug-resistant cell lines, with the increase in RI, hTERT gradually translocated from the nuclei into the mitochondria. Colocalization of hTERT with nuclear and mitochondrial markers demonstrated that hTERT signal (green fluorescence) significantly clustered in the mitochondria (red fluorescence) in drug-resistant cell lines, indicating the mitochondrial translocation of hTERT (Fig.3A) .
The hTERT protein in cells and in mitochondria was further detected by Western blot assay. Results showed that, with the increase in RI, although both the total and mitochondrial levels of hTERT protein in drug-resistant cells increased, the extent of increase in the former was significantly lower than that in the latter, further indicating the presence of mitochondrial translocation of hTERT in drug-resistant cells. (Fig.3B ) 
Protective effect of mitochondrial hTERT on mtDNA and mitochondrial membrane potential
Translocated hTERT into the mitochondria in drug-resistant cells protected mtDNA from chemotherapy-induced damage. When SK-Hep1 cells, SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells were under common chemotherapeutic stress, the amplification frequencies of their mtDNAs decreased with the increase in RI, indicating that mitochondria-translocated hTERT protected mtDNA and alleviate the damage. (Table 4) Detection of mitochondrial membrane potential by confocal laser microscopy indicated that mitochondrial membrane potential in SK-Hep1 cells decreased significantly after 24-h culture in medium containing 10 μg/mL CDDP, whereas the membrane potential in drug-resistant cells remained at a relatively high level after treatment. These findings suggest that mitochondrial translocation of hTERT may improve the mitochondrial function and reduce the level of mitochondrial reactive oxygen species (ROS), through which it is tightly coupled with mitochondrial function [5] . (Fig 4) 
Length of telomere
Under chemotherapeutic stress (10 μg/mL CDDP), the length of restriction fragment of telomere gene was shortened in both drug-resistant cells and parental cells, although the speed of shortening in the former was slower than that in the latter, indicating that, under chemotherapeutic stress, hTERT in drug-resistant cells did not prevent the telomere gene from shortening (Table 5 ). 
Discussion
MDR is a major obstacle of clinical chemotherapy of cancers. MDR involves two types of classical membrane transporters in cancer cells [17] . One is the ATP binding cassette (ABC) transporter superfamily, which can transport a particular substance (drugs) across the plasma membrane against the concentration gradient to escape the anti-cancer effect of chemotherapy [18] and the other is solute carrier transporter superfamily, which can regulate the absorption of anti-cancer drugs in cells.
In 1997, the study of Nason et al [19] confirmed that the drug resistance in cancer cells was related to the over-expression of hTERT. However, whether the hTERT over-expression in the mitochondria of cancer cells is related to the presence of drug resistance remains elusive.
In the present study, three drug-resistant human HCC lines (SK-Hep1/CDDP1 cells, SK-Hep1/CDDP2 cells and SK-Hep1/CDDP3 cells) with different RIs were established. By using immunofluorescence staining and confocal laser microscopy, our results demonstrated that mitochondrial expression of hTERT in drug-resistant cancer cells significantly increased with the increase in RI, suggesting that the mitochondrial translocation of hTERT might be related to MDR of cancer cells.
Haendeler et al [11] showed that the hTERT activity in HEK 293 cells was 60%, 20%, and 20% in the nuclei, mitochondria and cytoplasm, respectively. Recent studies [9, 20, 21] have also indicated that oxidative stress and drug treatment can lead to the hTERT translocation from the nuclei to the mitochondria protecting the mitochondrial function (protection of mtDNA, reduction mitochondrial membrane potential, etc.) and preventing apoptosis. The mtDNA damage has long been used as a sensitive indicator of cellular oxidative stress, and the mitochondrial function plays an important role in the determination of cell lifespan [22] . Saretzki et al [5] indicated that hTERT could improve the mitochondrial function and reduce oxidative stress, which was regarded as a new feature of hTERT.
Our findings also demonstrated that hTERT exerted protective effect on mitochondria after translocating into the mitochondria. Our results showed, after incubation of parental and drug-resistant cells in medium containing 10 μg/mL CDDP for 24 h, the amplification frequency of mtDNAs in drug-resistant cells was significantly lower than that in parental cells, indicating that the mtDNA damage in drug-resistant cells was significantly reduced. That is, mtDNA was protected by hTERT following its mitochondrial translocation. In addition, JC-1 staining of parental and drug-resistant cells showed that the mitochondrial membrane potential was not significantly reduced in drug-resistant cells but markedly declined in parental cells.
The specific function of hTERT translocation from the nuclei and its relationship with other subcellular organelles remain largely unknown. hHTERT protein has nuclear and nucleolar localization and nuclear export signals. Haendelers et al [9, 11] have confirmed the protective effect of hTERT mitochondrial translocation. Under normal conditions, hTERT can protect the telomeres, whereas under oxidative stress, hTERT protects the mitochondria. Under excessive stress, subcellular translocation of hTERT outside the nuclei may form a new regulatory mechanism of the catalytic activity of hTERT, especially at transcriptional level. Mitochondria may function synergistically with telomere. Under normal conditions, in various cell types, 20-30% of hTERT protein is found outside the nuclei, especially in the mitochondria.
To which extent hTERT translocates to other cytoplasmic compartments and how such process goes are poorly understood currently. Mitochondrial translocation of hTERT increases the mitochondrial membrane potential, reduces the cellular ROS level, improves the mitochondrial function and declines the copy number and damage to mtDNAs.
High level of mitochondrial translocation of hTERT leads to the reduction of nuclear hTERT, which results in compromised protection of telomeres. Under chemotherapeutic stress, the telomeres continue to shorten in the drug-resistant cells, however, at a reduced speed as compared to that in parental cells. This indicates that under the stress, the effect of mitochondrial translocation of hTERT is independent of the function of telomere and, therefore, can not maintain the telomere length.
Conclusion
Upon exposure of cancer cells to chemotherapeutic drugs, hTERT can translocate from the nuclei to the mitochondria playing important roles in mitochondrial protection, such as protection of the mitochondrial membrane potential and reduction of the oxidative stress and the oxidative damage to mtDNA. Cancer cells prevent apoptosis through the protective effect of hTERT on mitochondria. Therefore, mitochondrial translocation of hTERT may form a new mechanism of MDR of cancer cells.
